The results of previous studies on sheep and calves indicated that the distribution of copper and zinc among soluble liver proteins was dependent on both the Cu and Zn concentrations of the livers. The total amount of these metals in a metallothionein-like protein was, however, dependent only on the liver Zn content and it was suggested that Zn, but not Cu, had a functional role in the synthesis or stabilization of this protein (Bremner & Marshall, 1g74a, b) . The ability of Zn to induce de novo synthesis of metallothionein in the liver was confirmed in rats which had been injected with Zn (Bremner, Davies & Mills, 1973 ; Davies, Bremner & Mills, 1973) . It was, however, also found that injection of Cu into rats promoted the appearance of a similar Cubinding fraction by a process requiring active protein synthesis (Bremner & Davies, Although the apparent contrast between ruminants and rats in their response to change in liver Cu concentration may merely reflect variations in the experimental procedures used, it is possible that real species differences exist. As pigs, like rats, are much more tolerant of high Cu intakes than are sheep and calves, the relationship between their Cu and Zn status and the distribution of the metals among soluble, liver proteins was studied. The results indicated marked differences between pig and ruminant livers in their capacity to accumulate Cu in the metallothionein-like fraction /kg. The phytate content of the diet was 8-9 g phytic acid/kg. The pigs were group-fed in wooden pens; in the statistical treatment of the results it was assumed that any possible 'pen' effects were negligible and that the 'within-pen' results were independent. The pigs were weighed weekly. Blood samples were collected for plasma Zn and Cu determinations by atomic absorption spectrometry after 9 weeks and at slaughter after 12 weeks from the start of the experiment.
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Additional livers from pigs of similar weight were also obtained from a local slaughterhouse.
Fractionation of livers
Livers were collected immediately after slaughter, and were kept at -20' when it was not possible to process them immediately. Samples (20 g) were homogenized with 2-5 vol. 0.01 M-Tris-acetate buffer, p H 7.4, and centrifuged; the supernatant fractions were separated on Sephadex G-75 (Pharmacia Ltd, Uppsala, Sweden) and analysed as described previously (Bremner &Marshall, 1974a) . All concentrations refer to the fresh weight of liver.
R E S U L T S
Although it was hoped that the high phytate content of the diet would restrict the availability of Zn sufficiently to produce a Zn-deficiency state, no clinical signs of this were found in the pigs given the low-Zn diet, even after the dietary Ca and P contents had been doubled to 1 3 6 and 10.2 g/kg respectively ( Table I ) . Growth rates were the same as in the Zn-supplemented animals and no parakeratosis of the skin was detected. However, plasma Zn concentrations were reduced to levels characteristic of considerable Zn depletion ( Table 2 ) and this was reflected in the decreased Zn concentration in the livers (Table 3) . Liver Cu concentrations were unaffected by dietary treatment, although slight reductions in plasma Cu concentration were found in the pigs given the low-Zn diet ( Table 2 ) .
T h e proportion of Cu recovered in the liver supernatant fraction was inversely related to the liver Cu concentration in the pigs given a Zn-supplemented diet, and A typical separation on Sephadex G-75 of the supernatant fraction from the liver of a pig given the Zn-supplemented diet is shown in Fig. I 
a.
Three main fractions were obtained. Fraction I was a minor Cu-containing component and, as it was eluted at the void volume of the column, had a molecular weight of >75ooo. At least two Zn-containing components were present in fraction I , although the relative proportions of these varied in different livers. A small amount of Cu was associated with the higher-molecular-weight component only. Fraction 2 had a molecular weight of about 35 ooo as estimated from its elution volume (Andrews, 1965 ;  Bremner & Marshall, 1 9 7 4~) .
It was a minor fraction, and usually contained similar amounts of Cu and Zn. Most of the Cu and about half the Zn in the supernatant fraction was found in fraction 3, which had an approximate molecular weight of 12000 and had a low extinction value at 280 nm. The quantitative distribution of Cu and Zn between these fractions is given in Table 3 .
The separation pattern for the livers of pigs given the low-Zn diet was quite different (Fig. I b, Table 3) , with Zn found only in fractions I and 2, in the same concentrations as those found in livers of Zn-supplemented pigs. No Zn, and only small amounts of Cu, were present in fraction 3. As the separation pattern for Cu was more diffuse than in normal livers, distinction between fractions I and 2 was not always clear. However, the latter was still a minor Cu-binding component and more than 80 yo of the soluble Cu was always found in fraction I.
There was no correlation similar to that found in ruminant livers (Bremner & Marshall, 1974b) between the total amount of Cu and Zn in fraction 3 and the liver Zn content. Instead, with one exception, the concentration of Cu in fraction 3 was a function merely of the liver Cu concentration in the pigs given the Zn-supplemented diet (Fig. 2 ) and could best be expressed by the quadratic equation: Table I and p. 245. where Y, and x, are the concentrations of Cu (pg/g fresh liver) in fraction 3 and the whole liver respectively.
The concentration of Cu in fraction 3 in the 'exceptional' liver was much lower than that predicted from its liver Cu content of ZII pglg. However, there was no evidence of a similar 'cut-off ' point for production of Cu in this form in the ' slaughterhouse' samples, which covered a much wider range of liver Cu contents. It seems, therefore, that the unusual distribution of Cu in this liver, which was intermediate between that generalIy found in pigs given the low-Zn and Zn-supplemented diets, may have been a consequence of the relatively low liver Zn concentration (34 pglg) and marginal Zn status of the pig. Although the proportion of the liver Cu found in fraction 3 was as predicted from the quadratic equation for some of the 'slaughterhouse' samples analysed, in most instances the amount of Cu isolated in this fraction was only about half that expected for the pigs given the Zn-supplemented diet; where Y4 and x4 are the concentrations of Zn (pg/g fresh liver) in fraction 3 and in the whole liver respectively.
D I S C U S S I O N
T h e finding that the amount of Cu in fraction 3 of the livers from pigs given a Znsupplemented diet was a function simply of their Cu content suggests an important distinction between pigs and ruminants in their response to change in liver Cu concentration. In the latter, production of the metallothionein-like protein is related to the liver Zn concentration, although Cu can apparently compete so effectively with Zn for available binding sites that in many instances only the Cu protein is present (Bremner & Marshall , 1974a, b) . A similar relationship was not found in the pig, as at no time was there any evidence of displacement of Zn by Cu from fraction 3. The relationship between the amount of Zn in this form and liver Zn content was similar to that found in rat livers in which synthesis of this protein had been induced by Zn (Davies et al. 1973) .
Nevertheless, the absence of Cu from fraction 3 in all livers from pigs given the low-Zn diet, regardless of their Cu content, suggests that additional Zn must still be Vol. 35
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essential for the accumulation of this Cu-binding protein. The absence of growth failure or skin lesions in the pigs implies that they were only marginally Zn deficient, although their plasma Zn concentrations were actually lower than those reported in pigs which were parakeratotic (Lewis, Hoekstra & Grummer, 1957) . However, the pigs were still sufficiently Zn deficient to eliminate almost completely the occurrence of the Cu protein and it is interesting that even a slight reduction in liver Zn content in one animal, with no change in plasma levels, partially restricted the accumulation of Cu in this form. The liver distribution of Cu is therefore extremely susceptible to small changes in the Zn status of the pig.
Since the Cu-induced appearance of a similar fraction is unimpaired in Zndeficient compared with normal rats it seems unlikely that Zn is required to initiate synthesis of the Cu-binding protein (Bremner & Davies, 1974) . However, the persistence of Cu in the fraction, several hours after Cu injection, is significantly reduced in the Zn-deficient rats, implying that degradation of the protein may be more rapid in the absence of Zn (I. Bremner & N. T. Davies, unpublished results) . This would be consistent with the known stabilizing effect of Zn on various macromolecules (Chvapil, 1973) . It is possible, therefore, that in the pig given the low-Zn diet it is the decreased stability of the Zn-free Cu protein which prevents its accumulation in the liver.
The proportion of liver Cu present in fraction 3 was similar to that found in Cu-injected rats (Bloomer & Sourkes, 1973 ; Bremner & Davies, 1974), confirming that this can represent a major Cu-binding protein. However, at higher liver Cu contents ( > IOO pg/g) there was evidence of some limit to the accumulation of Cu in this form, which was in accord with the inverse relationship between Cu solubility and liver Cu content. This is consistent with the progressive saturation of Cu-binding capacity in the cytosol and subcellular organelles which occurs in the livers of rats and sheep (La1 & Sourkes, 1971; Philip, 1973) . There is no obvious explanation for the decreased proportion of Cu in fraction 3 in the livers collected from the slaughterhouse. Clearly the production of this Cu-binding protein must also be controlled by additional, as yet unknown factors.
No attempt was made to isolate and characterize the Cu and Zn proteins present in fraction 3 and indeed it is not known whether the metals are associated with the same protein. However, as the comparable Zn-binding proteins in calf (Bremner & Marshall, 19743) , human (Buhler & Kagi, 1974) and rat liver (Bremner & Davies, 1975) have been unequivocally found to be of the metallothionein type, it is probable that this Zn-binding protein in the pig belongs to the same family. The molecular weight of the protein and the low extinction value at 280 nm are consistent with this. The nature of the Cu protein is more questionable. Liver Cu proteins, with molecular weights of 10000-12000, have been reported in humans (Shapiro, (Bremner & Marshall, I974b) . The high sulphydryl content of the bovine Cu protein (Evans et al. 1970 ) is also consistent with a metallothionein-like structure and it is significant that the particulate Cu protein of neonatal liver may be a polymeric Cu-rich species of metallothionein (Porter, 1974; Rupp & Weser, 1974) .
Final assessment of the importance of these changes in Cu and Zn distribution in pig livers must await the elucidation of the function of these proteins. It has been proposed that the Zn protein is involved in the temporary storage or detoxication of Zn in the rat (Webb, 1972; ) and this may apply in the pig also. If the liver Cu protein were essential for Cu to fulfil its biological role, marked differences would be expected in Cu metabolism in Zn-deficient and Zn-sufficient animals. However, only small differences in plasma Cu concentration were noted in the pigs, although increases in the Cu contents of liver and heart of Zn-deficient rats have been reported (Murthy, Klevay & Petering, 1974) . It seems more likely that the protein is involved in the storage and perhaps detoxication of Cu, especially as Cubinding to the protein is often limited in the livers of sheep and calves (Bremner & Marshall, 1974b) , which are extremely susceptible to Cu poisoning. It might be expected that Zn-deficient pigs may also have a decreased tolerance of Cu: it is significant, therefore, that pigs given high-Cu diets can suffer a conditioned Zn deficiency and that dietary Zn supplementation in these animals decreases the incidence and severity of Cu toxicosis (Suttle & Mills, 1966a, 6 
